INTRODUCTION
The US natural gas transmission pipeline system consists in excess of 90,000 miles of gathering lines, 280,000 miles of transmission lines and 835,000 miles of distribution mains and lines. Since transmission lines transport natural gas at high pressures, the failure of a pipeline can result in catastrophic consequences. Sections of the transmission pipeline that have been in operation for several years are prone to the effects of corrosion and often suffer from mechanical damage. Pipelines are periodically inspected to assess their condition using a tool called "a pig." Since the inspection of the transmission lines is an expensive procedure it is extremely important to infer information as accurately as possible about the condition of the pipeline.
Statistics show that mechanical damage is the single most important factor causing pipeline failure. Damage caused by outside forces, such as earth movement or by construction or excavation equipment, often referred to as "Mechanical Damage" contributes to 52% of the reported failures. Gouging is a type of mechanical damage characterized by plastic deformation, wall thinning and coating damage. Denting is characterized by a change in the internal pipeline diameter accompanied by wall thinning. Metal loss is a term that is used to describe a condition where some metal is removed from the pipe-wall, by some natural means, such as corrosion.
Magnetic flux leakage techniques are widely used for inspecting natural gas transmission pipelines. This method employs an "intelligent" inspection tool, illustrated in Figure I , which is inserted in the pipe and propelled by the gas pressure. The tool magnetizes the pipe-wall and reads the flux leakage field using a circumferential array of sensors. The presence of a defect in the pipe-wall causes a disturbance in the magnetic field. Signals from the sensors in the inspection tool which register this magnetic flux leakage field are stored in a massive storage device contained in the pig for subsequent analysis.
The permanent plastic deformation accompanying a gouge defect gives rise to residual stress in the bulk of the material around the defect. The presence of residual stress alters the permeability distribution around the defect, which in turn affects its MFL signature. Figure 2 illustrates the problem. The dashed line represents the MFL signature due to a metal loss defect, which is not associated with any residual stress. The solid line is an MFL signature obtained from a gouge with exactly the same shape and dimensions as the metal loss, but with surrounding region subject to residual stress.
A major difficulty with the MFL method is that there are a number of factors that affect the readings obtained from the sensors. First, the tool moves with a variable velocity. Second, the liftoff of the sensors and the magnetization levels are not constant, due to variations in the geometry of the pipeline. Variations in the residual stress and resulting permeability affect the MFL signal. As a result of this, flaws of the same size and shape can produce different MFL signatures.
The failure of a structure or mechanical component is not only due to externally applied loading. The geometry of defects as well as the residual stress are important parameters that determine the safe life of a structure. An NDT method for characterizing residual stress in a pipeline, which is reliable, fast, portable and inexpensive is yet to be developed. This paper presents the results of an investigative study to determine the feasibility of using coercivity measurements and other magnetic parameters to characterize mechanical damage.
STRESS CHARACTERIZATION TECHNIQUES
A number of NDE methods for stress characterization have been studied, such as: ultrasonic, X ray diffraction, neutron diffraction and the magnetic methods. The ultrasonic method relies on the measurement of the variations of sound wave velocity in the material. This method is based on the assumption that the stresses in the path of the acoustic signal affects its velocity. The need for special couplant makes pipeline testing equipment very expensive to build. Furthermore, sound velocity is affected by a number of other factors that are not related to stress and consequently the method tends to be unreliable.
The X ray diffraction method can be used for measuring stresses in isotropic, homogeneous, fine grain polycrystalline materials. The parameter measured is the change in interplanar spacing of the polycrystalline material. The measurement time ranges from 20 minutes to several hours. Portable equipment is available, but it is very expensive.
The neutron diffraction method is similar to the X ray diffraction method, in that the measured parameter is the change in interplanar spacing of the polycrystalline material. The neutron diffraction method is applicable for isotropic, homogeneous polycrystalline materials. The measurement time ranges from a few hours to weeks. Portable equipment is not available and the method is extremely expensive.
The magnetic method is applicable for ferromagnetic materials only and relies on the measurement of Barkhausen noise amplitude or magnetic permeability. The measurement time is relatively small. The equipment used is portable and inexpensive.
PROPOSED APPROACH
The approach presented in this paper is based on the following observations. First, it has been established, that coercivity is related to residual stress and strain [1], [2] . Finite element modeling studies carried out at the Iowa State University suggest that there is a strong link between coercivity and the residual magnetic flux leakage signal in steel samples. Second, coercivity can be easily estimated from the B-H curve. In order to establish the magnetic parameters that are sensitive to stress, the local magnetization curves were measured at equally spaced points on the sample, around the defect (gouge and metal loss).
Magniscope, an instrument developed by Dr. D. Jiles, from the Metals Development Laboratory in Ames Laboratory, was used to carry out the experiments. The instrument is capable of measuring the B-H characteristics of ferromagnetic materials. The measurements are local, the depth being roughly half of the probe size. Other magnetic parameters, such as coercivity, remanence and hysteresis loss can be estimated from the B-H curve. The instrument uses magnetic yoke, with an excitation and flux meter coil wound on it. The magnetic field intensity is measured using a Hall probe, which is located between the poles of the yoke.
MAGNETIC MEASUREMENTS

Samples
Defects were machined on 16x4x1l4", 1018 steel plates. Each plate had two defects of the same kind. Gouge defects were produced by pressing a ball-shaped 5/8" indentor on the plate. The load applied on the indentor was controlled and gouges were produced with 10, 20, 25, 30, 35, 40, 45, 50, 55 and 60 klb. Defects of the same dimensions (depth and radius) were machined using a slowly rotating, spherically shaped, cooled miller. The latter set of defects simulate metal loss type defects, found in the field and is used as stress free samples for comparison.
Scan Pattern for Measurements
All measurements were taken on the side of the sample opposite to the defect. The measurement area was a square of size 3"x3" or a circle of radius of 1,S". Measurements on a rectangular grid with 36 locations were done for a 60 klb gouge and the corresponding metal loss defect. The density of the measurements was doubled, resulting in 12xI2=144 measurements. For 10,20,25,40,50 klb gouges the measurements were obtained on a coarser grid every fourth point, resulting in 36 locations, depicted by the gray area in figure 3. Measurements were taken with the external magnetic field oriented along the axis and perpendicular to the sample axis. In order to orient the external field along the expected stress direction, a circular grid of radius of 1.5" was used as shown in figure 4. There were 8 divisions along the circumference and 6 radial divisions, resulting in 48 measurement points. The external field was oriented along the radius and perpendicular to the radial direction.
RESULTS
The images in figures 5 to 18 represent the measured magnetic parameters for gouge and metal loss defects. The intensity at each point in the image represents the magnitude of the measured pattern. The images are obtained by increasing the density of a scan, using a bi-cubic interpolation scheme. For the 20, 25, 30, 40 and 50 klb gouges, the measurements were taken on the coarser grid ( 36 locations) and reconstructed by exploiting the symmetry of the stress distribution.
DISCUSSION
Comparison between the coercivity scans for a 60 klb gouge and the corresponding metal loss defect suggest that coercivity is related to the effects of mechanical damage. The variations in the first scan are on the order of 20%, whereas in the latter they are less than 2%. Variations in the value of coercivity were consistently observed in the scans for 20, 30, 40 and 50 klb gouges.
Structural finite element modeling results show, that the residual stress distribution under this type of loading exhibits circular symmetry, as shown in figure 9 . A circular scan of the magnetic parameter should exhibit similar simmetry, since the angle between the external magnetic and the stress fields remains constant. This effect can be observed in all the circular scans. Analysis of the circular scans shows that the most sensitive magnetic parameter for characterization of stress is hysteresis loss. Figure 19 illustrates the relationship between hysteresis loss anisotropy peak, hysteresis loss anisotropy minimum and hysteresis loss anisotropy amplitude with respect to the applied external load. Hysteresis loss anisotropy is the difference between the values of hysteresis loss measured with the field oriented along and perpendicular to the sample axis. This relationship may be used as an indicator of the actual values of stress. 
CONCLUSIONS
This research was aimed at determining whether local magnetic measurements are sensitive to residual stresses in pipeline steel caused by mechanical damage. It was found that measurements of magnetic parameters can be used to characterize stress and strain. Coercivity, coercivity anisotropy, remanence, hysteresis loss and hysteresis loop angle were all found to be sensitive to the effects of mechanical damage. Hysteresis loss was found to be the parameter most sensitive to mechanical damage. In contrast the hysteresis loop angle was found to be the least sensitive magnetic parameter.
FUTURE WORK
Efforts are currently focused on identifying methods for the measurement of actual levels of residual stress and strain. Calibration of the instrument is necessary for each sensor and for every type of material. The calibration can be done by subjecting a sample to compressive or tensile loading under controlled conditions and measuring the magnetic parameters. The readings for the magnetic parameters and residual stress can then be used to create a look-up table, for estimating the levels of stress from field measurements.
An important area of research involves the task of reconstructing the residual stress distribution from a set of measurements. Finally, the method warrants the need for a system that allows on-line measurement. This issue is still a significant challenge.
